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Abstract

The crystallization behavior of Coss  Fe,GesBo (x=3.0, 4.6 and 6.0) amorphous alloys was moni-
tored by differential thermal analysis and thermo-mechanical analysis. The crystallization process of
the melt spun ribbons was interrupted at 450, 525, 650, 800 and 900°C and their microstructures
were investigated by X-ray diffractometry. It was observed that the crystallization occurs in a se-
quential mode attributed to the formation of different types of precipitates. It was shown that the
crystallization products change as a function of Fe content. After full crystallization, GeFe, CosB,
FeGe, and Co,Ge compounds were found as well as a Co rich solid solution.
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Introduction

Metallic glasses suffer from thermal instability which impedes their applications at
higher temperatures. In such case, the study of the crystallization behavior is of great
importance due to their structural evolution and the formation of new nanoscale precip-
itates [1]. Researches on the crystallization of amorphous alloys are impulsioned by the
promising new properties [2]. Currently, several studies have been carried out on
(Co, Fe, Ni)—(Si, B, C) amorphous alloys system [3—7] and many of them were partic-
ularly addressed to the microstructural investigations of the CoFeSiB amorphous al-
loys. Since Ge and Si elements are thought to display similar features the substitution
of Si by Ge in the FeSiB alloys may also lead to the achievement of amorphous struc-
ture [8]. However, studies on the CoFeGeB alloy systems are still scarce. Then, the in-
fluence of Ge on the crystallization behavior is not fully investigated yet. In the present
work cobalt based amorphous ribbons with Ge addition were produced by
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melt-spinning process. The crystallization behavior of these alloys was investigated by
means of differential thermal analysis (DTA) thermo-mechanical analysis (TMA), and
X-ray diffraction (XRD) techniques.

Experimental

The ConFe;GesBig, Cozg4Fes sGersBig and CogoFesGersBg amorphous alloys were
produced by melt-spinning technique [9, 10]. Ribbons with, approximately, 30 pm
thickness and 2.0 mm width were obtained under argon atmosphere, with a copper
wheel at 2000 rpm and ejection pressure of 0.2 bar. The crystallization behavior was
investigated by means of DTA and TMA up to of 700°C at a heating rate
of 10 K min™". Initially, in order to guide the selection of thermal heat treatments con-
dition DSC scan was performed. To investigate the structural evolution thermal heat
treatments were carried out at 450, 525 and 650°C followed by water quenching. For
comparison, a complete crystallization was also done at 800 and 900°C for 1.0
and 2.0 h followed by furnace cooling. The heat treated ribbons structures were in-
vestigated by XRD using the CuK,, radiation=0.15406 nm.

Results and discussion

The DTA and TMA curves are shown in Figs 1 and 2, respectively. Several exother-
mic reactions can be observed indicating that crystallization phenomena occur at
least in two steps. The onset temperatures of crystallization were determined from
DTA and TMA curves. However, only the onset temperature of the first step was ac-
curately determined because the superposition of the subsequent reactions did not al-
low to measure the onset temperatures of each reaction.

The alloy containing 3.0% Fe displays a first crystallization step which was not
detected in other alloys. In the alloy containing 4.6% Fe this first step of crystalliza-
tion superpose with the second subsequent reaction. The onset temperatures
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Fig. 1 DTA curves of CoFeGeB ribbons alloys
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Fig. 2 TMA curves of CoFeGeB ribbons alloys

were 385, 392 and 411°C for alloys containing 3.0% Fe, 4.6% Fe and 6.0% Fe, re-
spectively. Also, as the Fe content increases to 6.0% the onset temperature of the sec-
ond crystallization reaction shifts to higher temperatures. The XRD patterns of the
heat treated ribbons, with 3.0, 4.6 and 6.0% Fe, at different temperatures, are shown
in Figs 3-5, respectively. The detected phases are marked on the X-ray
diffractograms.

For all alloys ribbons heat treated at 450°C, the existence of sharp and very broad
peaks was detected indicating that the microstructure consists of a mixture of amorphous
and crystalline phases. These sharp peaks are more evidenced in the alloy with 4.6% Fe
and was indexed as being the CoFe intermetallic compound (Pm3m, ¢=0.2857 nm),
which is in accordance with [11]. Additionally, it is interesting to note that, in alloys con-
taining 3.0% Fe the hexagonal Co solid solution (Co)-h) commences to appear which
was detected in the alloys containing 4.6 and 6.0% Fe. This result suggests that the first

1Ge

3

f(a >
) —_—

1)

w

|59

S
i

T=900°C
T=800°C

o
T
=

=

lu

Intensity/a. u.

T=650°C

Core O™ CTe Coggyh
| T=525°C
T=450°C
40 6 80 100
20/degree

Fig. 3 X-ray diffractograms of heat treated Co7,Fe;Ge,5B alloy at different temperatures
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Fig. 4 X-ray diffractograms of heat treated Coso 4Fes Ge;sB)o alloy at different temperatures
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Fig. 5 X-ray diffractograms of heat treated CogFesGesB alloy at different temperatures

step observed on the DTA curves of the alloy containing 3.0% Fe is attributed to the be-
ginning of the crystallization of the Co)-h. Further increases in the heat treatment tem-
perature to 525°C the peaks corresponding to the CoFe intermetallic compound becomes
sharper and remains stable up to ~650°C. Additionally, at 525°C the Co)-h solid solution
(P6s/mmc, a=0.251 nm, ¢=0.418 nm) was also clearly observed in the alloys contain-
ing 4.6% Fe. On the other hand, in the alloys containing 6.0% Fe this phase was not de-
tected indicating that an increase in Fe content seems to inhibit the formation of the Co
rich solid solution. It is also interesting to point out that, the Co;B compound can also be
detected in all alloys after heat treated at 650°C.

The XRD patterns of the alloys heat treated at 650°C revealed the following
phases: Cos)-h with lattice parameters ¢=0.254 nm and ¢=0.411 nm; cubic Co solid so-
Iution with ¢=0.356 nm, Co,Ge, Co;B, CoFe and FeGe,. In the alloys heat treated
at 800°C the cubic Co solid solution phase and the CoFe compound were no longer de-
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tected, giving way to the formation of an isomorphous CoGe phase (P2;3), the lattice
parameter of which decreases with increasing the Fe content up to 4.6% Fe where an
abrupt drop is observed in the lattice parameter and an increase again for alloys con-
taining 6.0% Fe, as shown in Table 1. Further experiments are still necessary to provide
a satisfactory explanation of this lattice parameter drop for alloys containing 4.6% Fe.

Table 1 Lattice parameter change of the (Co, Fe)Ge phase as a function of the Fe content for al-
loys heat treated at 800°C

Fe content/%
0.0 3.0 4.6 6.0
a/nm 0.4637 0.4633 0.4611 0.4632

Lattice parameter

Thus, it is plausible to assume that the Co solid solution, which was detected in the
alloys heat treated at 650°C is in fact Co—Ge solid(s) solution(s). On the other hand, ac-
cording to the binary Co—Ge equilibrium diagram the solid solubility of Ge in the Co
phase between 700 and 800°C is ~12 mass%, being that a higher solubility can be
reached by rapid solidification. When heat treated at 800°C and slowly cooled to room
temperature the Co—Ge solid solution releases the Ge atoms to form the (Co, Fe)Ge com-
pound. It is also important to notice that at room temperature the solid solubility of Ge in
Co is negligibly small. The other phases (Co;B, FeGe, and Co,Ge) remain unchanged. In
heat treated alloys at 900°C, no new microstructural changes were observed.

Conclusions

DTA, TMA and XRD techniques were used to investigate the crystallization behav-
ior of Co7s x\Fe,Ge 5By (x=3.0, 4.6 and 6.0) alloys. The conclusions can be summa-
rized as follows:

i) It was observed by DTA and TMA analysis, that the crystallization of the alloys
strongly depends on the Fe content and takes place in more than two stages. Also, the
onset temperature of crystallization increases with increasing the Fe content;

ii) The first step of crystallization of the alloys with 4.6% Fe and 6.0% Fe was at-
tributed to the precipitation of the CoFe(cubic) phase. In the alloys contain-
ing 3.0% Fe the first exothermic reaction observed on the DTA curves was due to the
formation of hexagonal Co solid solution. Besides, the formation of the hexagonal Co
solid solution is retarded with increasing of the Fe content;

iii) In the alloys heat treated at 650°C, the following phases were identified:
Co(hex.) solid solution, Co(cubic) solid solution, Co,Ge, Co;B, CoFe and FeGe,;

iv) After heat treatment at 800°C followed by slow cooling to room temperature
the Co(cubic) phase and CoFe compound were no longer detected. On the other hand,
the formation of the (Co, Fe)Ge compound was observed which is an isomorphous of
the CoGe phase.
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